Background: To investigate the association between resting heart rate and the risk of developing impaired fasting glucose (IFG), diabetes and conversion from IFG to diabetes. Methods: The prospective analysis included 73 357 participants of the Kailuan cohort (57 719 men and 15 638 women). Resting heart rate was measured via electrocardiogram in 2006. Incident diabetes was defined as either the fasting blood glucose (FBG) 7.0 mmol/l or new active use of diabetes medications during the 4-year follow-up period. IFG was defined as a FBG between 5.6 and 6.9 mmol/l. A meta-analysis including seven published prospective studies focused on heart rate and diabetes risk, and our current study was then conducted using random-effects models. Results: During 4 years of follow-up, 17 463 incident IFG cases and 4 649 incident diabetes cases were identified. The corresponding adjusted hazard ratios (HRs) for each 10 beats/min increase in heart rate were 1.23 [95% confidence interval (CI): 1.19, 1.27] for incident diabetes, 1.11 (95% CI: 1.09, 1.13) for incident IFG and 1.13 (95% CI: 1.08, 1.17) for IFG to diabetes conversion. The risks of incident IFG and diabetes were significantly higher among participants aged < 50 years than those aged 50 years (P-interaction < 0.02 for both). A meta-analysis confirmed the positive association between resting heart rate and diabetes risk (pooled HR for the highest vs lowest heart rate quintile ¼ 1.59, 95% CI:1.27, 2.00; n ¼ 8).
Introduction
Diabetes mellitus is a worldwide epidemic with an estimated prevalence projected to approach 366 million cases worldwide by 2030. 1 In the USA, approximately 18.8 million US people were diagnosed with diabetes mellitus and another 7.0 million had undiagnosed diabetes in 2010. 2 In
China, diabetes mellitus has also been becoming one of the greatest public health burdens. A national survey in 2007-08 showed that there were 92.4 million adults with diabetes (50.2 million men and 42.2 million women) and 148.2 million adults with prediabetes, defined as impaired fasting glucose (IFG) and/or impaired glucose tolerance (IGT). 3 A recent study showed that the prevalence of diabetes was 11.6% and of pre-diabetes (based on FG, IGT or HbA1c concentrations) was 50.1%, respectively in the Chinese adult population in 2010. 4 Thus identification of risk factors for the development of diabetes and prediabetes is urgently needed, to better understand and prevent this public health epidemic in China. 5 In a previous cross-sectional study based on a national representative sample in China, 3 several factors, including fast heart rate, have been identified to be associated with an increased likelihood of having diabetes. Heart rate is a crude index of the autonomic nervous system tone, reflecting a balance of sympathetic and parasympathetic inputs, and correlates with muscle sympathetic nerve activity and noradrenaline serum levels. 6 Examining its potential role in diabetes risk could improve our understanding of the pathogenesis of diabetes. However, previous studies generated mixed results. [7] [8] [9] Most previous studies have been conducted in developed countries such as the USA, [9] [10] [11] Japan, 8, 12 Australia 7 and the Netherlands. 13 In the only prospective study conducted in China in which only female participants were included, a positive relationship between resting heart rate and type 2 diabetes was observed. 14 However, the ascertainment of diabetes in that study was based on self-report and was more likely to be subject to some misclassification. In China, diabetes is generally under-diagnosed-only 30% of individuals with diabetes have been diagnosed. 3, 4 Another important knowledge gap is whether faster heart rate can predict risk of developing IFG, and conversion from IFG to diabetes. IFG is an intermediate stage between normal glucose tolerance and diabetes. IFG is associated with increased risk of developing diabetes and cardiovascular events. 15 Studying potential risk factors for IFG is particularly significant for the Chinese population, as it has been estimated that more than 50% of Chinese adults may have prediabetes and 27% may have IFG. 4 However, the relationship between heart rate and prediabetes or IFG has been investigated in very limited crosssectional studies. [16] [17] [18] In the context of these public health issues, we aimed to investigate the association between resting heart rate, determined by electrocardiogram, and the risks of developing IFG among participants with normal glucose levels, and of developing diabetes among individuals with normal glucose levels or IFG, in a large prospective study of
Key Messages
• Diabetes mellitus is a worldwide epidemic; approximately 12% Chinese adults have diabetes and 50% have prediabetes.
• We observed that faster heart rate was significantly associated with increased risk of developing diabetes and impaired fasting glucose, and with conversion from impaired fasting glucose to diabetes among 73 357 Chinese adults without diabetes at the baseline.
• A meta-analysis, based on seven previously published prospective studies and the current study, confirmed the positive association between resting heart rate and diabetes risk, suggesting that heart rate could be used to identify individuals with a higher future risk of diabetes.
Chinese adults who were followed carefully with biannual examinations over 4 years (the largest longitudinal study investigating this question to date). We then combined our results with those of previously published prospective studies in a meta-analysis.
Methods

Study population
We used data from the Kailuan prospective study, which is a prospective cohort study based on the Kailuan community in Tangshan city in northern China, that represented the Chinese population from a socioeconomic perspective. Details of the study can be seen elsewhere. 19, 20 Briefly, in 2006-07 (i.e. the baseline of current study), a total of 101 510 participants (81 110 men and 20 400 women) completed questionnaires by interviews, and had clinical examinations that were conducted in the 11 hospitals responsible for healthcare of this community. These participants were then followed through 2010 with repeated questionnaires and clinical and laboratory examinations every 2 years. In the current study, participants were excluded if they had missing information on heart rate in the baseline examination (n ¼ 4743), if they had known diabetes at baseline (n ¼ 9486), physician-diagnosed cancer or cardiovascular disease at the baseline or during followup (n ¼ 1309) or if they did not participate in the subsequent 2008 or 2010 survey (n ¼ 12 615). Following these exclusions, a total of 73 357 were included in the current analyses of diabetes risk. To examine the relationship between heart rate and IFG, we further excluded 17 269 participants who had IFG at baseline (2006), leaving 56 088 participants for the incident IFG analyses. The association between heart rate and risk of converting from IFG to diabetes was investigated among 17 269 participants with IFG at the baseline (eFigure 1, available as Supplementary data at IJE online).
The protocol for this study was in accordance with the guidelines of the Helsinki Declaration, and was approved by the Ethics Committee of the Kailuan Medical Group, Kailuan Company, and Brigham and Women's hospital, Boston MA. All the participants gave their written informed consent.
Assessment of resting heart rate
Heart rate was measured in the baseline examination in 2006-07. After a 5-min or longer rest, heart rate was recorded based on the results of a 12-lead electrocardiogram performed with participants in the supine position. The inverse of the interval between R-waves for five consecutive QRS complexes was used to determine heart rate. Ectopic beats were excluded and only normal heart beats were taken into account. In the current study, participants were classified into five categories according to quintile cutpoints of resting heart rate, and the first quintile was used as the reference group.
Assessment of potential covariates
Demographic data (age, sex) and smoking status, alcohol drinking status, education, occupation, physical activity and family history of diabetes and cardiovascular disease were obtained from questionnaires at baseline in 2006. Physical activity was evaluated from responses to questions regarding the frequency of physical activity (of 20þ min) during leisure time, with the possible responses including: never, 1-3 times per week, and 4 times per week. Menopausal status in women was recorded in 2010.
Anthropometric parameters and blood pressure were measured during the interview. Height was measured to the nearest 0.1 cm using a tape rule, and weight was measured to the nearest 0.1 kg using calibrated platform scales. Body mass index (BMI) was calculated as weight in kilograms divided by height in metres squared. Waist circumference (WC) was measured in centimetres.
Blood pressure (BP) was measured on the left arm to the nearest 2 mmHg using a mercury sphygmomanometer with a cuff of appropriate size, following the standard recommended procedures. Two readings each of systolic BP and diastolic BP were taken at a 5-min intervals after participants had rested in a chair for at least 5 min. The average of the two readings was used for data analysis. If a difference of more than 5 mmHg was observed between the two measurements, then a third reading was taken. Finally, the average of the three readings was used for data analysis. In the current study, hypertension was defined as systolic BP 140 mmHg or diastolic BP 90 mmHg or use of antihypertensive medications in past 2 weeks irrespective of BP.
Blood samples, after an overnight fast, were repeatedly collected at the baseline and in the 2008 and 2010 surveys. Fasting blood glucose (FBG) was measured with the hexokinase/glucose-6-phosphate dehydrogenase method. The coefficient of variation using blind quality control specimens was < 2.0%. Triglyceride (TG) was measured enzymatically (interassay coefficient of variation < 10%; Mind Bioengineering, Shanghai, China). C-reactive protein (CRP) was measured by high-sensitivity nephelometry assay (Cias Latex CRP-H, Kanto Chemical, Tokyo, Japan). All blood samples were tested using an auto-analyser (Hitachi 747; Hitachi, Tokyo, Japan) at the central laboratory of the Kailuan General Hospital. Hyperlipidaemia was defined by the presence of any of the following: a history of hyperlipidaemia, current use of cholesterollowering agents or total cholesterol level 5.17 mmol/l or triglycerides 1.7 mmol/l.
Incident IFG and diabetes
In line with the American Diabetes Association guidelines, participants were identified as having diabetes mellitus if they were currently treated with insulin or oral hypoglycaemic agents, or had a fasting blood glucose (FBG) concentration 7.0 mmol/l in the 2008 and 2010 surveys. 21 IFG was defined as a FBG concentration between 5.6 and 6.9 mmol/l.
Statistical analyses
Participants were divided into five categories based on resting heart rate quintiles. Person-years were calculated from the date of the 2006 interview was conducted to the date when either IFG or diabetes was detected (depending on the analysis in question), date of death or date of participating in the last interview in this analysis, whichever came first. For the analysis of IFG, we censored participants with diabetes onset during follow-up at diagnosis of the disease. In contrast, we did not exclude the participants with IFG at the baseline and onset during follow-up for the analysis of diabetes.
Cox proportional hazards regression was used to estimate the risk of diabetes by calculating the hazard ratios (HRs) and 95% confidence intervals (CIs). To account for the potential confounding effect due to 11 participating hospitals, we used the Cox proportional hazards model with a sandwich covariance matrix as a random effect. Tests for linear trend in risk across heart rate quintiles were performed using the median value for each heart rate quintile and computing these five indices as continuous variables. We fitted three multivariate proportional hazards models, confirmation of the proportional hazards assumption being satisfied. Model 1 adjusted for age and sex. Model 2 further adjusted for BMI (since BMI is the strongest risk factor of diabetes and shows a dose-dependent risk). 12, 22 Model 3 further adjusted for smoking, alcohol drinking, education, physical activity, presence of hypertension and hyperlipidaemia, CRP, menopausal status(women only) and family history of diabetes and cardiovascular disease. We also conducted several sensitivity analyses to test the robustness of our findings. The blood pressure was also used instead of hypertension in the adjusted models. Because hypertension or use of antihypertensives (e.g. b-blockers) could impact on heart rate and future diabetes risk, 23, 24 we repeated our aforementioned analysis by excluding individuals with hypertension. Because approximately one-third of the participants were coal miners, who had different lifestyles and working environments than the rest of the participants, we conducted another sensitivity analysis by excluding the coal miners. Based on the guidelines of the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA), a meta-analysis was also conducted combining the results of current study and those of previous studies on heart rate and the risk of developing diabetes. We searched relevant studies in Medline, PubMed, CINAHL and Cochrane library databases for articles published from 1960 through 31 December 2013, using the following terms: 'heart rate' and 'type 2 diabetes, diabetes mellitus, impaired fasting glucose, prediabetes, or impaired glucose tolerance'. To be included in the meta-analysis, a study had to: (i) show available data on incidence of diabetes (referred to as a prospective study); (ii) examine the association between resting heart rate and the risk of developing diabetes; and (iii) be published in English. In addition, we manually searched the reference lists of relevant publications to identify more studies. In total, eight studies satisfied the criterias. [7] [8] [9] [10] [11] [12] [13] [14] We further excluded a study 11 from the meta-analysis because, unlike the other seven studies, heart rate was treated as a continuous variable in this study, not in discrete categories. Thus, seven studies were included in the current meta-analysis, shown in eTable 1; eFigure 2 depicts the flow of study selection process (both available as Supplementary data at IJE online). Two authors independently extracted the data and, if they had disagreements, discussed with a third author. We extracted information about the authors, population and country where the study was conducted, sample size by sex and range of age, follow-up duration, covariates, outcome (diabetes) and the effect size [adjusted odds ratio (OR) or hazard ratio (HR)]. Cochran Q was used for examining heterogeneity among the studies. 25 Because we observed a heterogeneity across studies, a random-effects model was used. 26 The Begg and Egger tests were used to examine potential publication bias. 27 The cohort analyses were performed using SAS software, version 9.2 (SAS Institute, Cary, NC), and the metaanalysis was performed using STATA software, version 9.0 (StataCorp LP, College Station, TX).
Results
The mean age of participants was 50.3 6 12.5 years for men and 47.2 6 11.3 years for women at the baseline. The mean BMI was 25.1 6 3.4 kg/m 2 and blood glucose concentration was 5.1 6 0.70 mmol/l in men, and 24.5 6 3.7 kg/m 2 and 4.9 6 0.65 mmol/l, respectively, in women. Compared with participants with lower resting heart rate, those with faster resting heart rate were more likely to be current smokers, have hypertension, obesity and hyperlipidaemia, and have higher blood concentrations of TG and C-reactive protein (Table 1) . In total, 4649 participants were diagnosed as incident cases of diabetes during 333 024 person-years of followup. The adjusted HR for the highest vs lowest quintile of resting heart rate was 1.73 (95% CI: 1.57, 1.91), after adjustment for age, smoking, blood concentrations of TG and glucose, and other covariates. Each 10 beats/min increase in heart rate was associated with 23% (95% CI: 19%, 27%) increased diabetes risk, comparable to the risk related to 3 kg/m 2 increase in BMI (adjusted RR ¼ 1.26%, 95% CI: 1.23, 1.29). The positive association between resting heart rate and incident diabetes persisted when we further excluded participants with hypertension or those who were coal miners in our sensitivity analyses (Table 2) . Faster heart rate was also associated with a higher risk of developing IFG among participants with normal fasting glucose on the baseline 2006 examination ( Table 3 ). The adjusted HR for the highest vs lowest heart rate quintile was 1.33 (95% CI: 1.27, 1.39). Similarly, we observed a positive association between heart rate and risk of developing diabetes among participants with IFG (P-trend < 0.0001), with the adjusted HR for the highest vs lowest heart rate quintile being 1.40 (95% CI: 1.24, 1.57) ( Table 4 ). Blood pressure was also used instead of hypertension in the adjusted models, and the results remained the same (data not shown).
We found a significant interaction between resting heart rate and age (years) (P-interaction < 0.02 for both), but not for sex, BMI, physical activity, current smoking (yes/ no) or drinking (yes/no) or presence of hyperlipidaemia (P-interaction > 0.05 for all), in relation to risk of diabetes and IFG. Similar results were observed in the subgroup analysis based on physical activity level (data not shown). The association was slightly stronger among participants aged younger than 50 years than those aged 50 years or older (eTable 2, available as Supplementary data at IJE online). The adjusted HRs for the each 10 beats/min increase in heart rate were 1.27 (95% CI: 1.20, 1.34) for diabetes and 1.15 (95% CI: 1.12, 1.18) for IFG among younger participants. The relevant HRs were 1.20 (95% CI: 1.15, 1.26) and 1.08 (95% CI: 1.06, 1.11) among older participants, respectively. In contrast, we did not observe a significant interaction between heart rate and age, in relation to risk of conversion from IFG to diabetes (P-interaction ¼ 0.28). Figure 1 summarizes the association between heart rate and diabetes risk, based on seven previously published prospective studies and the current study. Overall, faster heart rate was associated with a higher risk of developing diabetes (pooled HR for the highest vs lowest heart rate categories ¼ 1.59, 95% CI: 1.27, 2.00). There was evidence of heterogeneity across studies (P < 0.001 for heterogeneity), which was mainly driven by a study with small sample size. 8 The Begg and Egger tests did not suggest existence of potential publication bias (P > 0.1 for both).
Discussion
The current study represents the largest longitudinal prospective study investigating the independent association between resting heart rate and risk of developing diabetes and IFG. We observed a dose-response association between higher resting heart rate and a higher risk of developing diabetes, IFG and conversion from IFG to diabetes, even after adjustment for potential confounders of this relationship. Furthermore, a meta-analysis of seven published studies and the current results confirmed the positive association between resting heart rate and diabetes risks. Altogether, this study strongly supports faster resting heart rate as an independent risk factor for incident diabetes and IFG, and suggests that this relationship may be common to developing and developed countries, as well as Asian and non-Asian populations. Age, BMI and lifestyle factors are well established risk factors for the development of diabetes 22, 28, 29 and also impact on heart rate. After adjusting for these confounders, the increasing trends in risk of developing diabetes were still observed across quintiles of resting heart rate in both sex. The findings of our study are generally consistent with previous prospective studies, as shown in the meta-analysis; however, our study contributes the largest study population to the meta-analysis. Consistently, in the aforementioned cross-sectional study including 46 239 Chinese adults aged 20 years or older, heart rate increase of 10 beats/min was associated with 29% increased odds of the prevalence of diabetes and 15% increased odds of the prevalence of prediabetes (based on FBG, IGT or HbA1c concentrations). 3 The other cross-sectional study including 30 519 Chinese participants (aged 55 years or above) of the Guangzhou Biobank Cohort in Southern China reported that participants with a high vs low resting heart rate were 2.59 times more likely to have type 2 diabetes. 16 The positive impact of heart rate was also observed on developing IFG among this Chinese population (adjusted OR ¼ 1.47). Similar results were reported in a previous US study. 17 In this cross-sectional study including 1267 adults (mean age ¼ 72 years), IFG was associated with higher heart rate and lower heart rate variability, relative to those with normoglycaemia. A resting heart rate is generally considered as a surrogate marker for autonomic activity, 6 and increased sympathetic nerve system activity induces both acute and chronic insulin resistance. [30] [31] [32] Several mechanisms have been
proposed by which sympathetic activation may lead to higher diabetes risk. 33 One of the most important mechanisms might be that sympathetic activation causes vasoconstriction and decreases skeletal muscle blood flow, ). Model 3: Adjusted for Model 2 and further adjusted for smoking status (never, past smoker, current smoker 1-19 cigarettes/day or current smoker 20þ cigarettes/day), alcohol drinking status (never, past drinker, current drinker <1 time/day or current drinker 1þ times/day), education (illiteracy/primary, high school or college or above), physical activity (never, 1-3 times/week, or 4þ times/week), occupation (white-collar workers, coal miners, blue-collar workers except coal miners), presence of hypertension and dyslipidaemia, plasma concentration of CRP, family history of diabetes and cardiovascular disease, and menopausal status (yes/no, for women only). ). Model 3: Adjusted for Model 2 and further adjusted for smoking status (never, past smoker, current smoker 1-19 cigarettes/day or current smoker 20þ cigarettes/day), alcohol drinking status (never, past drinker, current drinker <1 time/day or current drinker 1þ times/day), education (illiteracy/primary, high school or college or above), physical activity (never, 1-3 times/week, or 4þ times/week), occupation (white-collar workers, coal-miners, blue-collar workers except coalminers), presence of hypertension and dyslipidaemia, plasma concentration of CRP, family history of diabetes and cardiovascular disease, and menopausal status (yes/no, for women only). ). Model 3: Adjusted for Model 2 and further adjusted for smoking status (never, past smoker, current smoker 1-19 cigarettes/day or current smoker 20þ cigarettes/day), alcohol drinking status (never, past drinker, current drinker <1 time/day or current drinker 1þ times/daay), education (illiteracy/primary, high school or college or above), physical activity (never, 1-3 times/week or 4þ times/week), occupation (white-collar workers, coal miners, blue-collar workers except coal miners), presence of hypertension and dyslipidaemia, plasma concentration of CRP, family history of diabetes and cardiovascular disease, and menopausal status (yes/no, for women only). resulting in the impairment of glucose uptake into the skeletal muscle. 34 Additionally, sympathetic activation has been associated with many diabetes-related risk factors, including reduced insulin sensitivity, high BP, obesity, subclinical inflammation and the metabolic syndrome. 8, [35] [36] [37] [38] Ultimately, the exact mechanism by which increased heart rate is induced, or why sympathetic outflow would be increased in high-risk individuals, remains to be elucidated; however, our findings suggest that this area of investigation may be relevant for future preventive and prognostic indications. It has been suggested that the measurement of heart rate contributes to identifying subjects who are most likely to develop hypertension, obesity, the metabolic syndrome and diabetes. 39 Interestingly, the association between heart rate and incident diabetes and IFG was stronger among younger individuals. This could be due to the fact that heart rate may be more representative of sympathetic predominance in participants of younger age. Carnethon et al. similarly observed a significant age-heart rate interaction in relation to diabetes mortality 9 when they reported that higher heart rate was significantly associated with diabetes mortality in participants aged 35-49 years at baseline, but not among participants aged 50 years or older. In this study the authors did not observe a significant gender-difference in the association between heart rate and risks of diagnosis of diabetes. 9 In this context, more studies are needed to replicate our findings and investigate potential biological mechanisms underlying the age-heart rate interaction.
Strengths
To our knowledge, this study is the first prospective study to address the independent effect of resting heart rate on the incidence of diabetes and IFG in both Chinese men and women and the first meta-analysis for investigating the association between heart rate and diabetes risk, providing a basis for the health policy implication of diabetes prevention. Other strengths of our study included electrocardiogram-determined resting heart rate, large sample size, and availability of several important potential confounders such as blood concentrations of C-reactive protein and glucose.
Limitations
Several limitations should be considered in interpreting the current results. Although we attempted to control for all relevant potential confounders available to us, we cannot eliminate the residual confounding due to observational study design and failure to collect information on insulin level/sensitivity, anxiety and use of antidepressants. Figure 1 . Meta-analysis of resting heart rate for the highest vs lowest heart rate categories and the risk of developing diabetes.
Second, all participants were employees of the Kailuan Coal Company, and their health insurance policies were covered by the Kailuan Medical Group; therefore, they cannot be viewed as a representative sample of the Chinese general population. However, studying such a geographically confined and controlled population greatly reduces residual confounding due to diverse socioeconomic factors and lifestyle patterns. Third, the diagnosis of diabetes and prediabetes status was based on a single measure of FPG, which is due to lack of availability of oral glucose tolerance test data in such a large cohort. The conclusions should be cautious regarding extension to prediction of prediabetes, because impaired glucose tolerance (IGT) was not included in the definition of prediabetes in the current study (likewise, predicting IGT to diabetes conversion). However, when the incident diabetes was restricted to those who had high glucose levels in both 2008 and 2010 follow-ups, we found similar association between heart rate and diabetes risk. We did not collect information regarding type of diabetes but, because of age range and lower prevalence of type 1 diabetes, a majority of incident cases should be type 2 diabetes.
Another limitation is that we failed to exclude participants with atrial fibrillation or other rhythm disturbances. However, all individuals with coronary artery disease and stroke were excluded in the primary analysis, and further excluding hypertensive patients did not change results materially, suggesting that the potential effects of these disorders could be modest. Further, due to its relative short follow-up, we are unable to examine the effects of changes in heart rate over time on diabetes risk, which would provide more insights regarding causality of the observed heart rate-diabetes relationship. Finally, heart rates ranged widely across the studies included in our meta-analysis. To reduce the potential effects of this heterogeneity on the pooled relative risk estimates, we used a random-effects model as it considers both within-and between-study variation.
Conclusions
Our findings provide further evidence that faster resting heart rate is associated with a higher risk of developing IFG and diabetes in a Chinese population, and the association is stronger in younger adults. Should these observations be confirmed, heart rate could be used to identify individuals with a higher future risk of diabetes.
Supplementary Data
Supplementary data are available at IJE online.
Funding
This work was supported by the National Natural Science Foundation of China [Nos. 81170244 and 81170090] and the National Heart, Lung, and Blood Institute of the National Institutes of Health [Award Number K23HL111771]. None of the sponsors participated in the design of the study, nor in the collection, analysis or interpretation of the data.
